The Beijing-Tianjin-Hebei (BTH) region is a top urban agglomeration of China but has the problem of severe environmental pollution. Most of the current researches on the sustainable development of this region only concentrate on the environmental pollution itself and ignore its relationship to the socioeconomic development. In this research, an entropy-based coupling model, a polynomial equation with partial least squares algorithm, and socioeconomic and environmental data in 2006-2015 were used to measure and fit the above relationship. Empirical analysis led to the following conclusions. (1) Beijing, Tianjin, and Hebei presented similar socioeconomic development modes but different environmental pollution modes. (2) The social economy of the BTH region has been developing at the expense of environmental pollution, but the environmental cost has been decreasing year by year. (3) At present, the BTH region has huge potential to improve its environment. (4) Increasing the investment in the treatment of industrial pollution in Tianjin and mitigating the soot (dust) emissions in Tianjin and Hebei are the major environmental policy directions. (5) Controlling the development of smelting and pressing of ferrous metals and other building material sectors in Hebei is the major economic policy direction.
Introduction
The Beijing-Tianjin-Hebei (BTH) region is one of the most dynamic but seriously polluted urban agglomerations in China [1, 2] . The aim of this research is to measure the coupling relationship between socioeconomic development and environmental pollution in the BTH region, fit the changing trend of this relationship, and offer policy implications to guide the sustainable development of this region.
The BTH region is located in the heart of China's Bohai Rim. It covers about 2.26% of China's territory (217.16 thousand km 2 ) and is inhabited by almost 8.09% of the population of China (112.47 million people) [3] [4] [5] . At present, the BTH, Pearl River Delta, and Yangze River Delta are China's top three urban agglomerations. The three regions produce approximately 10.20%, 10.91%, and 20.62% of China's GDP and contributed 11.26%, 14.45%, and 26.41% to GDP growth, respectively [1] . However, unlike the latter two regions, the BTH region faces serious environmental pollution. On 22
July 2018, a report released by China's Ministry of Ecology and Environment shows that one-fourth of the most polluted cities in China are located in the BTH region and nearly all cities in this region do not meet the air quality standards recommended by the World Health Organization [2, 6] . Environmental pollution not only has led to the deterioration of living conditions in the BTH region but also threatens the economic development [7] . China will face the risk of losing this important economic growth engine if the effects of environmental pollution are not mitigated.
Although the environmental and economic issues of the BTH region have gained the attention of researchers, most studies focus on three areas as follows. (1) Impacts of environment pollution: Zhang et al. [8] used city-level panel data to explore the influence of urban pollution on labor supply. Their research results indicated that the above impact is nonlinear, and the extent of impact is affected by income level. Zhu et al. [9] adopted Lagrange Multiplier test and Spatial Durbin Model to investigate the relationship between foreign 2 Discrete Dynamics in Nature and Society direct investment and sulfur dioxide (SO 2 ) emissions in the BTH region. They confirmed the existence of the causality of the above two variables. (2) Cause and countermeasure of environment pollution: A positive Matrix Factorization research conducted by Gao et al. found that PM2.5 pollution in the BTH region was dominated by vehicle and combustion emissions, including coal burning and biomass combustion, and soil and construction dust emissions [10] . Wang et al. [11] evaluated the impacts of thermal power plants on air quality in the BTH region. These emissions contributed 38%, 23%, 23%, 24%, and 24% of CO 2 , SO 2 , NO 2 , PM2.5, and PM10, respectively. Based on studies on pollution sources, Wang and Zhao [12] proposed a Joint Prevention and Control of Atmospheric Pollution program to control PM2.5 and PM10 in the BTH region. (3) Adjustment directions for development policies to mitigate environment pollution: Zhang et al. [13] proposed a vulnerability assessment method of atmospheric environment associated with human impact to identify and prioritize the undesirable environmental changes. Decision makers can make appropriate development policies based on the vulnerable results. Fang et al. [14] applied Gini coefficient and Technique for Order Preference by Similarity to an Ideal Solution to measure the performance of collaborative development in the BTH region. They proposed that optimizing investment structures and establishing an ecological compensation mechanism contribute to smooth collaborative development. These studies offer useful suggestions to guide economic development and/or pollution mitigation, but fail to draw policy implications based on descriptions of the general relationship between economy and environment in terms of coupling degree and driving factor. The goals of this research are measuring and fitting the coupling relationship between socioeconomy and environment in the BTH region. Based on the empirical results, some policy implications are offered to prompt the sustainable development.
In 1955, Kuznets [15] proposed a hypothesis that the relationship between various indicators of income inequality and economic development presents an inverted -shaped curve. In the early 1990s, this inverted -shaped curve was used by Grossman and Krueger [16, 17] to fit the relationship between economic growth and environmental pollution. It was later named Environmental Kuznets Curve (EKC) by Panayotou [18] . In the next two decades, the EKC analysis was widely used in many countries and regions [19, 20] . However, when used in these studies, the EKC has two limitations. For one thing, the EKC needs only one indicator to reflect economic growth and one indicator to measure environmental pollution. However, both economic growth and environmental pollution are very complex, and it is difficult to select one indicator to represent each of them. For example, the economic development of China manifests not only as scale expansion but also as structure upgrade. Obviously, both aspects have impacts on environmental pollution, and using one indicator (e.g., GDP output) in EKC analysis is hence improper. For another, as a developing country, China also has unstable economic and environmental policies. Thus, EKC presents different shapes in China for different indicators and time spans. Some studies supported the inverted shape [21] [22] [23] , but others recommended different figures [24, 25] . The best fitting equation for the EKC in China is difficult to ascertain, especially in the short term.
In this research, a multi-indicator system and an entropy weight evaluation method were used to evaluate the socioeconomic development and environmental pollution levels. Derived from the entropy information theory, this method ascertains the weight of an indicator is based on its information scale. This idea can ensure that the obtained weights have the maximum differentiation ability to the evaluation objects [26] . It is especially suitable for the situations that the importance of the evaluation indicator is close, just as the evaluation issue of this research. To precisely fit the relationship between the above two levels, a coupling coordination degree model and a polynomial equation that has the ability to fit a variety of trends were used. Furthermore, the partial least squares (PLS) algorithm was used to estimate the parameters of the multivariate equation. Compared with the traditional ordinary least squares (OLS) algorithm, the PLS can obtain more stable parameters using small samples.
The remainder of this paper is organized as follows. Section 2 illustrates the methodology and data used in this research. Section 3 lists the modelling results, and Section 4 discusses them. Section 5 concludes the research and offers policy implications.
Methods and Data

Coupling Coordination Degree Model.
To measure the coupling coordination degree of the socioeconomic development and environmental pollution, the scores of the above two indicators should be calculated first by the entropy weight evaluation method. The modelling process of the entropy weight evaluation method is introduced as follows.
Supposing indicators are used to evaluate objects, and is the static of the th indicator in the th object, the preprocessing step to the indicator statistics is
The algorithm of (1) can eliminate the impacts of the static units to the evaluation results. Based on the pre-processing results, the information entropy of the th indicator is a measure of its chaos situation, calculated by
Obviously, ∈ (0, 1]. The more information th indicator has, the larger is. Based on the information entropy, the evaluation weight of the th indicator is obtained by
Then, the evaluation result (score) of the th object is
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where = √ /[( + )/2] 2 and = + ; and denote the contributions of socio-economic development and environmental pollution to the comprehensive system, respectively.
The difference of and identifies the lagging factor. For example, > implies that socioeconomic development is ahead of environment pollution.
Polynomial Fitting Equation.
The polynomial equation is written as follows:
where refers to time; is explained variable; and 0 -are regression parameters. The Weierstrass approximation theorem has proven that any continuous function can be uniformly approximated by (6) [28] .
The specific form (number of independent variables) of (6) is determined by the following akaike information criterion (AIC) and schwarz criterion (SC).
where is the sample number used for parameter estimation; RSS is the residual sum of squares. The above two criteria have similar function. The lower their values are, the better the equation is.
Considering the equation structure of (6), the multicollinearity phenomenon may well exist between the explanatory items. Moreover, the smaller sample size can increase the multicollinearity extent [29] . If the traditional OLS algorithm is used to estimate the parameters of (6), unstable estimations are obtained. The following PLS algorithm can obtain stable regression parameters in the abovementioned environment [30] . Let
and the following preprocessing process is essential:
The first component can be extracted by the following:
where 1 = ( 0 * 0 )/‖ 0 * 0 ‖ and ‖ 1 ‖ = 1. Let 1 and 1 be the residual vector (matrix) of 0 and 0 explained by 1 , respectively, and replace 0 and 0 with 1 and 1 in (12); the second component ( 2 ) is then extracted. Using a similar algorithm, more components can also be obtained.
The number of extracted components must be proper because too many components will introduce stochastic information into the final equation. In general, as the first component ( 1 ) represents the most important quantity relationship between the explained and the explanatory variables, it should be directly introduced into the final equation. Beginning with the second component ( 2 ), the importance of extracted components should be tested one by one. Reserving or abandoning a component is decided by the following cross efficiency indicator [31] .
When testing the importance of the ℎ th component, a fitting equation using the first ℎ components and -1 samples (the th sample is excluded) is estimated, and the fitting result of this equation to the th sample is written aŝℎ (− ) . Moreover, a fitting equation using the first ℎ-1 components and all samples is also estimated, and the fitting result of this equation to the th sample is written aŝ( ℎ−1) . Using the two abovementioned fitting results, the cross efficiency of the ℎ th exponent is measured by
In (13), a small ∑ =1 ( −̂ℎ (− ) ) 2 implies that the first ℎ components have contained the useful information and a large ∑ =1 ( −̂( ℎ−1) ) 2 means the first ℎ-1 components are not sufficient. According to the statistic experience, for the ℎ th exponent, 2 ℎ ≥ 0.0975 implies that the importance of this component is notable and it should be reserved. Otherwise, it should be abandoned. As the importance of variables decreases one by one and if the ℎ th component is abandoned, there is no need to test the importance of the next component (abandoned directly). However, if the ℎ th component is reserved, the importance of the next component should be tested until the first abandoned component appears. As the process of component extraction is efficient in gathering useful information, the number of reserved components usually does not exceed three.
Supposing components are reserved, an equation between 0 and the components can be obtained by the OLS algorithm, as follows:
Using the inverse calculation of the preprocessing and component extracting processes, the linear regression equation of to can be obtained from (14) . Gross product of primary industry E 3 Total volume of industrial waste gas emission S 4 Gross product of the secondary industry E 4 Total volume of sulfur dioxide emission S 5
Gross product of the tertiary industry E 5 Total volume of soot (dust) emission
Data Selection.
In this research, we selected five indicators to evaluate the socioeconomic development and environmental pollution levels, respectively, as shown in Table 1 . These indicators cover most aspects of socioeconomic development and environmental pollution. To facilitate the followup analysis, a code was assigned to each indicator. Statistics of S 1 and E 1 were selected from the China Statistic Yearbook (2007-2016) [ [32] . China is presently adopting the "Five-year Plan" management mode [33] . Development policies are adjusted every five years. The year 2006 is the first year of China's 11th five-year plan, and during which period, the environmental problems in the BTH region were taken seriously for the first time.
Considering that the latest available data are from 2015, the timespan of sample collection covered 2006-2015. Table 2 shows the above selected data.
Results
Coupling Coordination Degree.
Using the entropy weight evaluation method and data in Table 2 , the evaluation weight vectors for socio-economic development and environmental pollution in each province were calculated. It is important to note that E 1 (investment completed in the treatment of industrial pollution) is an inverse indicator for environmental pollution level. Thus, values of this indicator introduced into the entropy weight evaluation method are reciprocals. Moreover, besides Beijing, Tianjin, and Hebei, the indicator statics for the whole BTH region were obtained using data in Table 2 , and the evaluation weight vector was also calculated. These weight results are shown in Table 3 .
The evaluation scores of socioeconomic development and environmental pollution were obtained using data in Tables  2 and 3 and entropy weight evaluation method. Considering that socio-economic development and environmental pollution are equally important, and are equal to 0.5 when calculating the coupling coordination degree. Inputting the obtained evaluation scores into (5), the coupling coordination degrees were calculated. Table 4 lists the above results.
Trend Fitting.
Trends of socioeconomic development and environmental pollution scores and coupling coordination degree of the BTH region were fitted using (6).
Considering that the linear trend is too simple, and the trend of high-order items is very sheer, this research considered the forms of = 2 and = 3. The equation parameters were estimated by the abovementioned PLS algorithm. After parameter estimation, the AIC and SC indicators of each equation were calculated. All related results are shown in Table 5 .
In Table 5 , the AIC and SC results of = 2 are both larger than those of = 3 for each explained variable. That is, = 2 in (6) is the best selection to fit the trends of socioeconomic development score ( ), environmental pollution score ( ), and coupling coordination degree ( ) of the BTH region. Table 3 imply the relative importance of indicators for socioeconomic development and environmental pollution changes. Pie charts for these weights can reveal interesting information, as shown in Figure 1 .
Discussion
Indicator Contribution Analysis. Indicator weights in
As shown in Figure 1 , compared with environmental pollution, weights of indicators for socioeconomic development (S 1 -S 5 ) are similar among different regions. This means that Beijing, Tianjin, and Hebei have similar socioeconomic development modes during 2006-2015. In general, gross product of the tertiary industry (S 5 ) plays the key role in the improvement of the socioeconomic level. The importance of gross product of secondary industry (S 4 ) and annual disposable income per capita of urban households (S 2 ) is roughly equal. During the improvement process of socioeconomic level, the contribution of gross product of primary industry (S 3 ) is a little less than the above two indicators and that of population (S 1 ) is negligible.
The above results indicate that this region has been developing to the stage of post-industrialization [34] . Compared with the primary and secondary industries, the tertiary industry is more important in prompting the economic development in this region. In fact, the value added share of the tertiary industry in GDP has increased from 48.45% to 56.14% during 2006-2015. The major risk of socioeconomic development in this region comes from the relatively low growth rate of population. From 2006 to 2010, the average annual growth rate of population is only 1.7%. This may cause workforce shortages, aging, and many other problems. Figure 1 also shows that the three regions present different environmental pollution modes. In Beijing, investment The units of S 1 , S 2 , and S 3 -S 5 are million people, thousand yuan, and billion yuan, respectively. The units of E 1 , E 2 , E 3 , E 4 , and E 5 are billion yuan, million tons of standard coal equivalent, billion cubic meters, million tons, and million tons, respectively.
completed in the treatment of industrial pollution (E 1 ) is the single most important driving factor for the environment changes. Except total volume of sulfur dioxide emission (E 4 ) has a contribution share of 11%, the impacts of other 3 factors (E 2 , E 3 , and E 5 ) are negligible. For Tianjin, the environment changes derive mainly from treatment of industrial pollution (E 1 ), total energy consumption (E 2 ), total volume of industrial waste gas emission (E 3 ), and total volume of soot (dust) emission (E 5 ). Their contribution shares vary from 19% to 33%. The contribution share of sulfur dioxide emission (E 4 ) (4%) is obviously lower than the above 4 factors. Differing from Beijing and Tianjin, industrial pollution (E 1 ) and total volume of soot (dust) emission (E 5 ) contribute 85% of the environment changes. Besides, total volume of industrial waste gas emission (E 3 ) contributes 11%. Furthermore, if considered as a whole, the change in environmental level is mainly driven by treatment of industrial pollution (E 1 ) and total volume of soot (dust) emission (E 5 ). Although less important than E 1 and E 5 , total volume of industrial waste gas emission (E 3 ) is also indispensable during the process of the environment changes.
Coupling Coordination Trend Analysis.
Trends of socioeconomic development score ( ), environmental pollution score ( ), and coupling coordination degree ( ) of the BTH region were fitted using the optimal estimated equations ( = 2) shown in Table 5 . In Figures 2(a)-2(c) , the central solid line is the fitting trend to the abovementioned indicators, and the dashed lines above and below it are the ±10% deviation boundaries to the fitting results. Moreover, the difference of socioeconomic development and environmental pollution scores (RS -RE) and its fitting curve are listed in Figure 2(d) . Figures 2(a)-2(c) show that socioeconomic development score, environmental pollution score, and coupling coordination degree all present rising trends. The social economy The unit is %. was developed at the expense of environmental pollution. Figure 2(d) shows that the score difference is larger than 0 since 2012. This means that the dependence of socioeconomic developed on environmental pollution weakened since that year. The Chinese government advocated the economic transition from extensive to intensive since the late 1990s and adhered to this development direction for over 20 years. The above results confirm the transition effect. Furthermore, the rising trend of the coupling coordination degree indicates that the BTH region still has huge potential to improve the local environment. If the BTH governments are not satisfied with the environmental quality, they can sacrifice part of the economic growth in exchange for a better environment. Figure 2 (c), the coupling coordination degree of 2011 differs from its neighbors, and should be considered an outlier. According to the fitting results of Figures 2(a) and 2(b), this outlier comes from abnormally severe environmental pollution. As shown in the environmental pollution data in Table 2 , it is easy to find that severe environmental pollution in 2011 mainly comes from huge energy consumption and energy-related pollution emissions from Hebei. Figure 3 shows the energy consumption (unit: million tons of standard coal equivalent) of each sector in Hebei during 2006-2015.
Outlier Analysis. As shown in
As shown in Figure 3 , the secondary industry has always been the most important energy consumer in Hebei. During 2006-2015, its energy consumption share as high as 80.14% [5] . As the leading steal producing province in China, the smelting and pressing of ferrous metals sector consumed a considerable amount of energy in the secondary industry of Hebei (43.61% in 2006-2015) [1, 5] . In 2011, to support the large-scale construction of infrastructure and real estate in China, and also because the provincial government of Hebei has not strictly limited the development of building material sectors at that time, the smelting and pressing of ferrous metals and other related sectors went through an extraordinary growth, which led to a sheer increase in energy consumption. In fact, besides the smelting and pressing of ferrous metals, output and energy consumption of other building material sectors (e.g., cement) also greatly increased [5] . As the consumption share of fossil energy in the total energy sources was not less than 98.14% at that time, the abovementioned energy consumption increase emitted significantly more pollutants and aggravated the local environment [35] . Until 2 years later in 2013, the Hebei provincial government began to increase the investment in the treatment of industrial pollution and limited the development of these sectors and then mitigated the environmental pollution.
Conclusions
As one of the most important urban agglomerations of China, the BTH region has been suffering severe environmental pollution. To guide the sustainable development of this region, this research used an entropy-based coupling coordination degree model to measure the coupling relationship between socioeconomic development and environmental pollution. The research also used a polynomial equation with PLS algorithm to fit the above relationship during 2006-2015. The empirical analyses drew the following implications for the socioeconomic and environmental policy adjustments of the BTH region.
(1) Beijing, Tianjin, and Hebei presented similar socioeconomic development modes. In general, the gross product of the tertiary industry is the most important driver of socioeconomic development. The contributions of annual disposable income per capita of urban households, gross product of primary industry, and gross product of the secondary industry were close, and the impact of resident population was negligible. Contrary to the socioeconomic development mode, the environmental pollution of the three regions was different. Change in Beijing's environment nearly only depended on the investment completed in the treatment of industrial pollution. Besides this factor, soot (dust) emissions were also important for the environmental level of Hebei. As to Tianjin, the above two factors, total energy consumption, and industrial waste gas emission were all important.
(2) The social economy of the BTH region has been developing at the expense of the environment. During 2006-2015, the social economy developed, yet the environment deteriorated. As socioeconomic development was faster than that of environmental deterioration, the environmental cost of socioeconomic development decreased year by year.
(3) At present, the BTH region still possesses huge potential to improve the local environment. The social economy of the BTH region developed fast, although the environment was severely polluted. If the BTH governments are willing to accept a lower socioeconomic development target, environmental pollution will be effectively mitigated.
(4) Compared with Beijing and Hebei, the contribution of investment completed in the treatment of industrial pollution in Tianjin was obviously less. Tianjin should therefore increase investment in this area. Moreover, the soot (dust) emissions in Tianjin and Hebei greatly contributed to environmental deterioration and should then be strictly controlled.
(5) Energy-related pollutants emitted by the smelting and pressing of ferrous metals and other building material sectors in Hebei have significant impact on environmental quality in the BTH region. Development of these sectors should be strictly limited.
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